INTRODUCTION

45
Alzheimer's disease is one of the most common dementias that currently affects more 46 than 47 million people worldwide (Haapasalo et al, 2015) . Unfortunately, no effective 47 10 significant changes. The pathways and networks involved in the dysregulated proteins 162 were depicted in Figure EV2A . APP, ERK1/2, and EGFR centered network were 163 significantly dysregulated in the APP/PS1 mice. Of the 51 differential N-glycosites, 164 the abundance of 32 N-glycosites increased while that of 19 N-glycosites decreased in 165 APP/PS1 mice (ratio (AD/WT) ≥ 1.2 or ≤ 0.83, p < 0.05) ( Figure EV1F) . 166
Quantitative site-specific N-glycopeptides analysis revealed 289 up-regulated 167 N-glycopeptides on 127 proteins and 729 down-regulated N-glycopeptides on 213 168 proteins (ratio (AD/WT) ≥ 1.5 or ≤ 0.67, p < 0.05) (Fig. 3B) . In general, the 169 changes in protein expressional level are unremarkable while a sizable portion of 170 site-specific N-glycopeptides were dysregulated and most of them decreased in 171 APP/PS1 mice. These quantification results revealed depressed protein 172 N-glycosylation in APP/PS1 versus wild type mice. The dysregulated N-glycoproteins 173 were significantly enriched in the pathways involving glutamate receptors and other 174 neuronal development and function related pathways (Fig. 3C) . Many critical 175 membrane proteins, such as glutamate receptors, NCAM1 and 2, Integrins, were 176 heavily glycosylated, and most of their site-specific N-glycans were down-regulated 177 in the AD model (Fig. 3D) . The glutamate receptor signaling pathway was screened 178 out as most heavily glycosylated pathway ( Figure EV1C) , most of the receptors were 179 N-glycosylated and the majority of their N-glycopeptides were significantly 180 down-regulated in APP/PS1 mice (Fig. 3E) . 181
11
To provide a birds-eye view of the multilayered protein N-glycosylations, a circular 182 quantitative N-glycoproteome map was constructed. The quantitative information of 183 180 proteins with 2132 site-specific N-glycopeptides and 349 N-glycosites that were 184 commonly identified among the proteome, N-glycosite, and site-specific 185 N-glycopeptides analysis were shown (Fig. 4A) . The detailed quantitative information 186 of each protein, as well as the glycosites and the site-specific glycopeptides of it can 187 be inquired by zoom-in the corresponding area in the circos plot. The detailed 188 quantitative information of the N-glycosylated metabotropic glutamate receptor 3 189 (GRM3) were shown as an example. All the identified N-glycopeptides were plotted 190 based on their intensities and the ratios of APP/PS1 versus wild type mice were 191 exhibited (Fig. 4B) . The abundance of a glycosite was calculated by summing up the 192 intensities of all the glycopeptides on the site. Then the glycosites were plotted 193 according to their intensities and rank of abundances. The up-and down-regulated 194 glycosites were presented in red and blue color, respectively. Most of the 195 down-regulated N-glycosites are in medium to high abundance, including THY1 (site 196 194) , MOG (site 59), glutamate receptors, integrin receptors, and so on (Fig. 4C,) . To 197 further verify the glycosylation level of identified proteins in N-glycoproteomic 198 analysis, western blots for several representative N-glycoproteins were performed 199 under treatment of PNGase F, Endo H or not ( Fig. 4D and 4E, Supplemental Fig. 3) . 200
Western blot of SHPS1 showed great shift of molecular weight in the PNGase F 201 treated and untreated bands, proving that this protein was heavily glycosylated. The 202 12 glycosylated (PNGase F-) band in AD sample showed significantly higher intensity 203 than in WT sample, which were consistent with the MS results (Fig. 4D) . Western 204 blot of THY1 also proved its highly glycosylated status in AD and WT mouse brain, 205 but failed to indicate any variation of glycosylation between the two samples (Fig.  206   4E (Mehrabian et al, 2016; Mirnics et al, 2005) . In this work, we identified 216 multiple glycopeptides on NCAM1 and NCAM2, including some sialylated ones (Fig.  217   3D) . Site 348 of NCAM1 was one of the most heavily glycosylated site, and its 218 glycosylations were down regulated in the APP/PS1 sample (Fig. 4D) . To investigate 219 the function of NCAM1, we overexpressed the exogenous NCAM1 (WT) or 220 glycosylation-site mutant in the mouse hippocampal neuronal cell line HT22. The 221 mutation was generated by replacing the asparagine residue at site 348 with glutamine 222 13 (N348Q) of NCAM1. As shown in confocal images, WT NCAM1 expressed 223 membranous and cytoplasmic locations. However, overexpressing N348Q mutant of 224 NCAM1 tended to locate in cytosol rather than membrane in HT22 cells (Fig 4F) . for WGA binding GlcNAc and multivalent sialic acid residues decreased as well, 241 which agreed with previous studies (Fodero et al, 2001; Saez-Valero et al, 1999) . 242 14 Other lectins with altered binding intensities included the mannose, galactose, 243
GalNAc, and complex type binding lectins (Fig. 5B) . We also independently blotted 244 14 lectins in APP/PS1 and wild type mouse brain. The staining intensities of AAL, 245 WGA, Jaclin, and PSA were significantly lower in APP/PS1 mice (Fig. 5C) The oligosaccharide compositions of protein-attached N-glycans were also identified 250 and quantified in the site-specific N-glycoproteomic analysis, and 290 kinds of 251 N-glycans were identified (Fig. 5C) . The abundance levels of the N-glycans were 252 analyzed based on the summed intensities of their corresponding site-specific 253 N-glycopeptides. The abundances of the total, oligo-mannose, fucosylated N-glycans 254 and sialylated N-glycans (Neu5Ac and Neu5Gc) were analyzed, and the total, 255 oligo-mannose, fucosylated N-glycans showed significantly decrease trends in the 256 APP/PS1 mice (Fig. 5D) . In addition, the overall lengths of N-glycans in APP/PS1 257 mice were found to be a little longer than that in wild type mice ( Figure EV4B) . GlcNAc residues, respectively and were both down-regulated in the lectin array 268 analysis. Rat hippocampal neurons were incubated with PBS (control), different doses 269 of AAL or WGA lectins for 24 h followed by propidium iodide (PI) staining. The 270 apoptosis rate of hippocampal neurons increased significantly from 31.1% to 52.2% 271 with 100 ng/mL and to 70% with 500 ng/mL AAL treatment (p<0.05) (Fig. 5E , and 272 WGA treatment experiments, where the apoptosis rate significantly increased from 275 23.3% to 52.5% with 100 ng/mL and up to 98.9% with 500 ng/mL WGA treatment 276 (p<0.01) (Fig. 5F, and Figure EV5B ). 277
Electrophysiological analysis was then conducted in lower doses of AAL and WGA 278 that can maintain neuron viability. Hippocampal neurons were treated with PBS, AAL 279 or WGA of 25 ng/mL or 75 ng/mL for 24 h. The current clamp recordings showed that 280 AAL and WGA treated cells exhibited higher action potential (AP) frequency in 281 16 response to +100 pA and +150 pA current injections compared with the control (Fig.  282   5G) . The treated neurons reached AP threshold under lower current injections (+50 283 pA) than the control (+100 pA). The number of excitatory neurons at +50 pA current 284 injection increased with increasing lectin concentration, exhibiting a dose dependency 285 (Fig. 5H) . These results demonstrated that blocking neuron surface glycans with AAL 286 and WGA induced the hyperexcitability of hippocampal neurons. It has been reported 287 that neuronal hyperactivity is an early phenotype in Alzheimer's disease and could 288 trigger apoptosis of neurons (Abiega et al, 2016; Nuriel et al, 2017) . Our results 289 demonstrated that declined glycosylation on the cell surface of hippocampal neurons 290 can induce hyperexcitability and further apoptosis, which implied the important role 291 of glycosylation in the pathogenesis of the Alzheimer's disease. 292
DISCUSSION
293
There are urgent needs for global and site-specific analysis of glycoproteins in 294 complex biological samples for understanding of glycoprotein functions and cellular 295 activities. However, it is extraordinarily challenging because of the low abundance of 296 many glycoproteins and the heterogeneity of glycan structures. In this study, we 297 applied the pGlyco 2.0 strategy to profile the N-glycopeptides in APP/PS1 and wild 298 type mouse brains and successfully identified 3,524 site-specific glycopeptides. This 299 data provided comprehensive characteristics of the N-glycoproteins of mouse brain 300 17 and fully demonstrated the complexity and heterogeneity of N-glycosylation 301 modifications (Fig. 2) . 302
To further elucidate the protein glycosylation changes in APP/PS1 versus the wild 303 type mice, we combined data from the proteome, N-glycosites, and glycome with that 
Lectin microarray 368
The lectin microarray was manufactured as previously described (Tao et al, 2008) and 369 provided by Wayen Biotechnologies (Shanghai, China). 370
Glycopeptide enrichment 371
Labeled or unlabeled peptides were enriched by ZIC-HILIC method. 372
Liquid chromatography-mass spectrometry (LC-MS) for iTRAQ-labeled 373 samples 374
Peptides labeled by iTRAQ were pre-fractionated with high pH reverse phase LC. Site-specific glycopeptides were interpreted using the software pGlyco 2.0. The 390 glycan database was extracted from GlycomeDB (www.glycome-db.org). Trypsin and 391 protein databases with species of Mus musculus (16,711 entries) were used. 392
Quantification of site-specific glycopeptides were based on the peak areas as 393 previously described (Schwanhausser et al, 2011) . 394
Hippocampal Neurons Culture 395 22
Cultures of hippocampal neurons were prepared from P0 Sprague-Dawley (SD) rat as 396 previously described (Dotti et al, 1988) . Procedures involving animals and their care 397 were performed in accordance with the Animal Care and Use Committee of the 398 Institute of Neuroscience. 399
Cell viability and electrophysiological recordings 400
The hippocampal neurons of rat were treated with different concentrations of AAL 401 and WGA lectin treatment for 24 hours on the 7th day after attachment. 402
Statistical analysis 403
A two-tailed student's t-test was used for significance estimation in all quantification 404 experiments, and P values less than 0.05 were considered significant. 
